Abstract
Introduction

34
Observational and modelling studies have demonstrated that Greenland's marine outlet (Table 1) ) digital elevation models (DEMs) and orthophotos of the glacier terminus.
58
These data allowed the investigation of the spatially complex and time-varying glaciological 59 processes operating at the glacier's calving front. The aim of this paper is to: 60 1) Detail the UAV, in terms of its payload and camera settings, and its specific 61 deployment to Store Glacier. stable over the last 65 years (Weidick, 1995) . Seasonally, the calving front exhibits advance 
2.2.UAV platform
77
The UAV airframe is an off-the-self 'Skywalker X8' (www.hobbyking.com) which has a 78 wing-span of 2.12 m and is made from expanded polypropylene (EPP) foam (Fig. 2) . For this 79 deployment, the X8 was powered by two 5Ah 4-cell (14.8 V) Lithium Polymer batteries 80 driving a 910 W brushless electric motor turning an 11 x 7 foldable propeller. In this 81 configuration, the X8 has a flying mass of ~ 3 kg (including 1 kg payload), which allows a and gyro for stabilisation, and a barometric pressure sensor for altitude control and these 98 parameters are logged to memory at 10 Hz throughout the flight (Fig. 2) .
99
The advantage of this package is that it can be assembled within a day from off-the-shelf 100 parts and is cost-effective at less than US$2,000. The X8 is also relatively straightforward to 101 fly, robust, easily repairable and floats; all added bonuses when being deployed in remote 102 areas by potential novices. Furthermore, the Ardupilot firmware is open source and hence can 103 be programmed for specific requirements, for example camera triggering (see below).
104
Two lightweight digital cameras were tested at the field site: a Panasonic Lumix DMC-LX5 
2.3.Flight planning
117
The open-source software, APM Mission Planner (http://plane.ardupilot.com/) was used for altitude of 500 m a.s.l. (Fig. 1) processing, the four transects broadly parallel to the calving front were flown with ~250 m 125 separation yielding a side overlap between photos of 70% (Fig. 1) time and the accuracy of georeferencing limits the benefits of such apparent precision.
163
Two problems of accuracy were encountered in DEM production: 1) Photoscan failed to 
2.6.Uncertainties and limitations
215
The relative horizontal uncertainties between the DEMs were investigated by feature tracking Residual elevation change between 1 and 2 July (Fig. 3A) reveals that the front retreated in (Fig. 3A) . In 248 addition to these two calving events (which are discussed in section 3.6), the central 4.5 km 249 frontal section advanced between 12 m to 16 m (Fig. 3A) . At its lateral margins, the calving 250 front shows no discernible systematic change though there are isolated, small calving events,
251
for example, within 50 m of the southern flank (Fig. 3A) . Upstream of the calving front, there Surface velocities are related to slope, depth, thickness and distance from the lateral margins 287 (Fig. 5C, D) . As would be expected, maximum velocities correlate with maximum depth and 288 towards the north flank are linearly correlated (R² = 0.90) with frontal depth (Fig. 5C ). depths. There is a strong correlation between velocities and distance from the lateral margins 291 which can be approximated by a power function (R² = 0.90) (Fig. 5D ). Although application 292 of the floatation criteria reveal parts of calving front to be buoyant (Fig. 5A) 
3.5.Crevassing
303
The morphology and orientation of crevasses varies markedly across the terminus (Fig. 6 ).
304
The largest crevasses occur in a sector south of the glacier centre line in zone 4 (Fig. 6 , Table   305 2). Here, crevasses have mean minimum depths of 18 m, lengths of 68 m and widths of 31 m. Table 2 ) and are much smaller with a mean lengths of 22 m and width of 8 m (Table 2) . No 315 discernible difference in average crevasse depths, lengths or widths was observed between 316 the early July and late August and the pattern and character of crevassing was also similar.
317
Water-filled crevasses were clustered in zone 4, coinciding with the sector of larger crevasses 318 (Fig. 6B) . Water-filled crevasses covered 12,000 m² or 0.24 % of the survey area (to ~ 1 km 319 from the calving front) on 2 July (Table 1) . Some 42 individual water-filled crevasses were 
Calving events
334
The two calving events identified between 1 and 2 July appear to take place under contrasting 
4.1.Changes occurring over a daily timescale
346
The orientation of crevasses suggests that lateral drag is an important resistive stress on Store and lateral drag. On the south side, the velocities are higher than the north side for given 360 depths and distances from the lateral margins (Fig. 5C, D) . We hypothesize that, because the 361 deepest part of the glacier is situated 1 km south of the centreline, the ice on south side is 362 more influenced by faster flowing ice which exerts a simple shear stress on the shallower, 363 adjacent ice (250 -400 m thick). This causes the shallow ice to flow faster than ice with 364 similar thicknesses and distance from the lateral margins on the north side (Fig. 5C ).
365
The mass flux through the calving front was calculated at 3.8 x 10 7 m³ d -1 which needs to be 366 balanced by three main frontal processes: calving, submarine melting and advective advance.
367
Both calving and advance were observed in this study but it is likely that submarine melting 
Changes occurring over a seasonal timescale
374
The lack of variation in the position of the lateral margins of the glacier shows that a balance 375 is maintained between the ice flux input and submarine melting and calving output in this 376 zone throughout the melt season. The balance could be explained by the mechanism of 377 calving events. At the lateral margins calving is characterised by small, regular events such as 378 calving event A (Fig. 3A) . The regularity of these small events means that any small advance 379 or retreat is regulated almost instantly by changes in calving rate which returns the lateral bathymetrically-pinned position.
386
The centre of the calving front is much more active with calving and submarine melt rates 387 that vary on a seasonal timescale. We propose that the main cause of variability is due to was observed (Fig. 4A) . Application of a simple degree-day model reveals that part of this 397 lowering can be attributed to ablation. Average daily air temperatures were recorded at an 398 automated weather station (AWS) located near the UAV launch site (Fig. 1 ) and, using a 
412
Another important observation is the order of magnitude reduction of the area of water-filled 413 crevasses between early July and late August (Fig. 6) obliquely to the direction of flow and we therefore propose that resistive stresses at the 438 terminus of Store Glacier are dominated by lateral drag (Fig. 6 ). With this in mind, the retreat 439 of Store into a wider trough could significantly increase the ice discharge. We estimated that 440 the ice flux through the calving front of Store was 13.9 Gt a -1 and we observed a small 441 terminus advance between 1 and 2 July (Fig. 3A, 5A ). This advance reveals that, during this (Fig. 3B) . Water-filled crevasses covered 0.24% of the survey area on 2 July but this fell to 446 0.025% on 23 August (Fig. 6) 
